[1] Rayleigh wave ellipticity, or H/V ratio, observed on the surface is particularly sensitive to shallow earth structure. In this study, we jointly invert measurements of Rayleigh wave H/V ratio and phase velocity between 24-100 and 8-100 sec period, respectively, for crust and upper mantle structure beneath more than 1000 USArray stations covering the western United States. Upper crustal structure, in particular, is better constrained by the joint inversion compared to inversions based on phase velocities alone. In addition to imaging Vs structure, we show that the joint inversion can be used to constrain Vp/Vs and density in the upper crust. New images of uppermost crustal structure (<3 km depth) are in excellent agreement with known surface features, with pronounced low Vs, low density, and high Vp/Vs anomalies imaged in the locations of several major sedimentary basins including the Williston, Powder River, Green River, Denver, and San Juan basins. These results demonstrate not only the consistency of broadband H/V ratios and phase velocity measurements, but also that their complementary sensitivities have the potential to resolve density and Vp/Vs variations. Citation: Lin, F.-C., B. Schmandt, and V. C. Tsai (2012),
Introduction
[2] The deployment of EarthScope's USArray has facilitated the development of new methods to study detailed earth structure. Recent advances in both ambient noise surface-wave tomography [e.g., Bensen et al., 2007; Lin et al., 2009] and earthquake based surface-wave tomography [e.g., Pollitz and Snoke, 2010; provide exceptionally high-resolution images of isotropic and anisotropic structure in the crust and upper mantle of the western U.S. [e.g., Moschetti et al., 2010; . These studies use surface-wave traveltime and amplitude measurements from broadband USArray data to first invert for two dimensional (2D) surface wave properties such as phase velocity and azimuthal anisotropy at each station location for a range of periods. Dispersion properties are then used to invert for depth dependent structure. A limitation on the geological and seismological utility of the resulting models is that they provide only weak constraints on uppermost crustal structure (<3 km) because the limited period range (8-100 sec) of high quality dispersion measurements results in strong tradeoffs between shear velocity parameters at different depths. Improved imaging of upper crustal structure would aid in efforts to understand the relationship between geologic observations at the surface and deep crustal processes. Additionally, constraints on strongly heterogeneous upper crustal structure help to mitigate artifacts in studies of deeper 3D velocity structure [Waldhauser et al., 2002; Bozdağ and Trampert, 2008] and lithospheric discontinuities [Langston, 2011] , and allow for more accurate prediction of earthquake ground motions [Vidale and Helmberger, 1988] .
[3] Rayleigh wave ellipticity, or the Rayleigh wave H/V (horizontal to vertical) ratio, has long been known to be particularly sensitive to shallow earth structure [e.g., Boore and Nafi Toksöz, 1969] . The microtremor H/V ratio (>1 Hz), which is often linked to the Rayleigh wave H/V ratio, has been widely used to characterize site response, predict ground motion, and invert for velocity in the top several hundred meters [e.g., Nakamura, 1989; Fäh et al., 2001] . These studies analyze the horizontal to vertical spectral ratio of observed ambient noise, although the physical origin of this signal is somewhat ambiguous because it depends on the contents of noise signals: i.e., whether they are predominately fundamental mode Rayleigh waves, predominately body waves, or a mixture of different wave types (see Bonnefoy-Claudet et al. [2006] for review). Long period (>20 sec) Rayleigh H/V ratio studies based on earthquake signals [e.g., Tanimoto and Rivera, 2008; Yano et al., 2009] are theoretically more straightforward to understand, but are relatively less common. This is potentially due to the traditionally sparse broadband station distribution for large-scale studies and the uncertainty regarding whether long-period H/V ratio measurements are robust and compatible with traditional phase and group velocity measurements [Ferreira and Woodhouse, 2007] .
[4] In this study, the Rayleigh wave H/V ratio is measured for more than 1000 USArray stations in the western U.S. for periods between 24 and 100 sec using teleseismic events. We show that the H/V ratio measurements are consistent with ambient noise and earthquake based phase velocity measurements between 8 and 100 sec period [Lin et al., 2009; , and that these measurements add complementary constraints to inversions for 3D structure. Upper crustal structure, in particular, is better resolved. We image prominent low Vs anomalies in the upper 3 km that were not recovered by prior inversions, but are well correlated with major sedimentary basins known from resource exploration studies [Blackwell et al., 2006] . Moreover, we show that the complementary sensitivities of H/V ratio and phase velocity facilitate simultaneous inversion for Vs, Vp/Vs, and density in the upper crust.
Data and Results
[5] More than 900 earthquakes with Ms > 5.0 between 2007 January 1 and 2011 June 30 are used in this study. For each earthquake and each available station, we apply automated frequency-time analysis (FTAN) [Bensen et al., 2007] to determine Rayleigh wave traveltimes and amplitudes in both the vertical and radial components and the vertical (V) and radial (H) amplitude ratio is used to evaluate the H/V ratios between 24 and 100 sec period at the station location. Here, because the radial component is well defined by the direction of wave propagation (determined by the gradient of the Rayleigh wave phase traveltime surface ), different from traditional H/V ratio analysis based on microtremor signals [Bonnefoy-Claudet et al., 2006] , we can simply interpret the observed H/V ratio in terms of Rayleigh wave ellipticity.
[6] To include only the most reliable measurements and avoid potential bias due to wave complexities (e.g., wave interference), several selection criteria are imposed. First, measurements with signal-to-noise ratio smaller than 10 (SNR) [Bensen et al., 2007] in the vertical component are removed from further analysis. Second, we impose additional selection criterion based on the vertical and radial phase difference [Tanimoto and Rivera, 2008] and remove all measurements with |t R -t V -T/4| > 10 sec, where t R and t V are the radial and vertical phase traveltime and T is the period. While this 10-sec criterion is easier to satisfy for short period measurements (<30 s), fewer short-period measurements pass the first selection criterion. Third, considering the reasonable range of the H/V ratio in the period band we investigated [Tanimoto and Rivera, 2008] , we remove obvious outliers with H/V ratio >2. The number of measurements removed by the third criterion is in general small, however.
[7] For each period and station, all available H/V measurements from different earthquakes are statistically summarized, where the mean and the standard deviation of the mean are used to estimate the H/V ratio and its uncertainty at the station location. Although the H/V ratio is, in theory, sensitive to azimuthal anisotropy and can be directionally dependent, initial inspection suggests that measurements are too scattered for such study and all measurements from different directions are treated equally in this study. As an additional quality control, we remove all H/V ratio measurements outside the 2s range ( Figure S1 in the auxiliary material), even though this results in a slight underestimate of the true range of values.
1 Figures 1a and 1b show the results of the estimated H/V ratio at 30 and 60 sec periods. In order to facilitate a joint inversion with Rayleigh wave phase velocity measurements (e.g., Figures 1c and 1d ), we interpolate the results onto a 0.2 by 0.2 grid by applying 0.5
Gaussian smoothing. The phase velocity measurements used in this study are derived from earlier tomography studies based on ambient noise (8-24 sec [Lin et al., 2009] ) and teleseismic earthquakes (24-100 sec ) with data updated to 2011 June 30. The depth sensitivity kernels of H/V ratio and phase velocity to Vs, Vp, and density perturbations are also shown for reference. The kernels shown here are for illustration only and are calculated based on the 1D PREM model [Dziewonski and Anderson, 1981] .
[8] Clear correlation is observed between the observed H/V ratios and known geological features at both 30 and 60 sec periods (Figures 1a and 1b ). More specifically, high H/V ratios are observed in major sedimentary basins (e.g., the Williston Basin near eastern Montana and western North Dakota) and low H/V ratios are observed in major mountain ranges (e.g., the southern Rockies in Colorado). This contrast is to be expected as a result of large differences in the elastic properties of sediments and crystalline bedrock. Unlike Rayleigh wave phase velocity, which has peak sensitivity to Vs structure at a depth near a third of its wavelength (Figures 1c and 1d) , sensitivity of the H/V ratio to Vs structure is maximal in the upper few km even for long periods (Figure 1b) . However, non-zero Vs sensitivity does penetrate into the mantle at longer periods and the sign of Vs sensitivity is reversed (Figure 1b) . Consequently, at a period of 60 sec, the map of H/V ratio is positively correlated with well known features of upper mantle velocity structure, with low values in the region of the Snake River Plain/Yellowstone hotspot track and a clear long-wavelength dichotomy between the western Cordillera and the tectonically stable interior (Figure 1d ).
[9] To demonstrate the consistency of the Rayleigh wave H/V ratio and phase velocity measurements and how the H/V ratio can be used to provide additional constraints on Earth structure, we perform three different inversions for 1-D structure in the depth range of 0-250 km beneath each location. The three inversions are only different in how each model parameter is allowed to vary and whether the H/V ratio is used as a constraint. In the first two inversions (Model 1&2), we fix the density (r) and Vp/Vs profiles to the reference model (see Table S1 ) and only Vs is allowed to vary. Only phase velocity measurements are used as constraints in Model 1, while phase velocity and H/V ratio are jointly inverted in Model 2. In the third inversion (Model 3), we jointly inverted the two measurements and in additional to the Vs profile, both density (r) and Vp/Vs are allowed to change in the upper crust. Similar to Moschetti et al. 2010 , the model is parameterized by four crustal layers and five mantle cubic B-splines (see Table S1 for model parameters). In each inversion, we iteratively calculate the depth sensitivity kernels [Herrmann and Ammon, 2002] and perturb the model parameters in the steepest descent direction until the misfit between observed and predicted dispersion quantities is minimized. The initial models for the three inversions are the reference model (Table S1 ), model 1, and model 2 respectively. To illustrate the differences between the three inversions, we present the results of each for a location in the Williston Basin (Figures 2a-2e) . For each inversion, the compilation of all the inverted 1-D profiles is then used to determine the 3D model (Model 1-3) .
[10] At the example location, Model 1 (no H/V ratio constraints) accurately fits the phase velocity measurements (Figures 2a and 2c) , but there is a significant offset between 1 Auxiliary materials are available in the HTML. doi:10.1029/ 2012GL052196. the predicted and observed H/V ratios (Figure 2b ). The Williston Basin provides a useful test case for evaluating subsequent inversions including the H/V ratio because it is known to have a total sedimentary thickness of $3 km, with weakly consolidated sediments in the upper few hundred meters underlain by multiple sedimentary strata of Ordovician to Cretaceous ages [Blackwell et al., 2006; Gerhard et al., 1982] . Active source refraction data are consistent with an average Vp of $3.5 km/s for the sedimentary layer [Hajnal et al., 1984; Morel-a-l'Huissier et al., 1987] , though high-frequency wellbore data show that distinct sedimentary units exhibit large variations [e.g., Spikes, 2011] . Using a reasonable range of sedimentary Vp/Vs values (1.65-2 [Mavko et al., 1998 ]) implies a Vs of 1.75-2.12 km/s for the upper 3 km, whereas Model 1 finds a much higher value of 3 km/s. Model 1 does show more pronounced low Vs anomalies in other basins (e.g., the Green River Basin in southwest Wyoming; Figure 3a ), but the inversion with only phase velocities appears to be limited to resolving basins where sediment thickness is greater than $5 km [Blackwell et al., 2006] , and even in those locations sediment velocities are likely overestimated. In more dense arrays where high quality phase velocity measurements can be made at periods shorter than 8 sec, inversions using only phase velocity can achieve higher resolution in the upper 3 km [e.g., Yang et al., 2011] .
[11] In Model 2, while again only the Vs profile is allowed to vary, we weight the period-averaged phase velocity misfit (c c 2 ) and H/V ratio misfit (c H/V 2 ) equally and minimize the overall misfit (c 2 = (c c 2 + c H/V 2 ) / 2). In general, the H/V ratios are better predicted and the predicted phase velocities still agree well with the observations (e.g., Figures 2a and  2b ). This suggests that the H/V ratio measurements provide additional constraints on the inverted model. At the example location, Model 2 has a $1 km/s velocity drop compared to Model 1 in the uppermost layer (Figure 2c ) placing it in good agreement with resource exploration studies. Despite the significant reduction of the offset, clear deviation does remain between the predicted and observed H/V ratios at long periods (>30 sec) suggesting that varying only Vs is not sufficient to simultaneously satisfy both datasets. Figure 2f summarizes the overall misfit across the whole western U.S. for Model 2. Significant misfit (c 2 > 10) is observed in areas characterized by high H/V ratio (Figures 1a and 1b) , which are mostly located in major sedimentary basins. In addition to low Vs, low density and high Vp/Vs ratio are also likely in sedimentary basins, particularly if there is a poorly consolidated layer [Mavko et al., 1998; Brocher, 2005] and the corresponding effects on phase velocity and H/V ratios may not be negligible (see the example sensitivity kernels shown in Figure 1) .
[12] In the inversion for Model 3, we allow density and Vp/Vs to vary in the top two crustal layers and is otherwise like Model 2. Due to the tradeoff between density and Vp/Vs ratio (see discussion in Section 3), a somewhat artificial damping function f(m), is added to the overall misfit (c 2 = (c c 2 + c H/V 2 ) / 2) to stabilize the inversion, where Vs 2 , r 2 , and (Vp/Vs) 2 are the model parameters taken from Model 2 and i denotes the summation over parameters in different layers and B-splines. Despite the damping function being somewhat arbitrary, our results are relatively robust to small changes in damping parameters. The need for damping could be replaced by an ad hoc empirical relationship between Vs, Vp, and density [e.g., Brocher, 2005; Yano et al., 2009] . However, although such an approach could be attractive in a more uniform geological setting, it would oversimplify the complexity of upper crustal variations across the entire western US. Moreover, data sensitivity and tradeoffs can be better studied by not choosing an ad hoc functional form between different model parameters. We therefore choose the f(m) damping and do not use any empirical scalings.
[13] At the example location, a lower density and higher Vp/Vs ratio in the uppermost crust is observed compared to the reference model (Figures 2c-2e) and the H/V ratio can now be better predicted (Figure 2b ). This is again consistent with having a $3 km slow Vs sedimentary layer on the top. Tests based on different model parameterizations and damping regularizations suggest that while the relatively low density in the second crustal layer (3-11 km) can be caused by unaccounted for shallower or deeper density and Vp/Vs variations, the low density and high Vp/Vs ratio in the uppermost crust (0-3 km) is a robust feature. Figure 2g summarizes the overall misfit across the whole area based on Model 3. Significant misfit reduction is observed compared to Model 2 (Figure 2f ) where most areas now have c misfit smaller than 4. Note that except for the uppermost crustal layer, the Vs profile is well constrained with phase velocity measurements alone and only small differences are observed between Models 1, 2, and 3 (e.g., Figure 2c ).
[14] Figures 3b, 3e, and 3f summarize the Vs, density, and Vp/Vs of the uppermost crustal layer in Model 3 where the Vs in the bottom crustal layer and at 80 km depth are also shown in Figures 3c and 3d for reference. Clear differences are observed in the uppermost crustal Vs structure between Model 1 and Model 3 (Figures 3a and 3b ; note the color bar differences between Figures 3a and 3b) . In Model 3, which is our preferred model, pronounced slow anomalies in the top crustal layer with Vs < 2.5 km/s are observed in all major sedimentary basins such as the Williston Basin, the Green River Basin, the Denver Basin, the Powder River Basin, and the Central Valley. Besides the Central Valley in California, low density (<2.1 g/cm 3 ) and high Vp/Vs ratio (>1.9) are also observed in these basins likely due to weakly consolidated sediments near the surface. Note that most TA stations deployed nearby the Central Valley are located on the edge of the valley. While traveltime measurements based on wave propagation are sensitive to the slow interior of the basin, our results indicate that the sensitivity of the H/V ratio measurements is more localized beneath the station. When station distribution does not match the structural variations, phase velocity and H/V ratio measurements may not be completely compatible.
[15] Despite the overall misfit improvement when we allow density and the Vp/Vs ratio to change in the top two layers (Figures 2f and 2g) , small discrepancies are still observed between the predicted and observed H/V ratios at long periods (e.g., Figure 2b ), particularly in areas characterized by high velocity lower crust and upper mantle (Figures 2g, 3c, and 3d ). This suggests that further model perturbations are needed. Investigating deeper density and Vp/ Vs structure is, however, beyond the scope of this study and will be the subject of future contributions.
Discussion
[16] In the previous section, we demonstrate that Rayleigh wave phase velocity measurements between 8 and 100 sec period and H/V ratio measurements between 24 and 100 sec period are generally compatible and can be explained by the jointly inverted 3D model. The uppermost crustal model (0-3 km), in particular, is better constrained when the H/V ratio measurements are included as constraints. Clear correlation can be observed between the inverted uppermost crustal Vs model and geologic features at the surface, with pronounced slow anomalies observed in major sedimentary basins.
[17] Moreover, we show that not only Vs but also variations in density and the Vp/Vs ratio in the uppermost crust are necessary to explain both phase velocity and H/V ratio observations. There is, however, a strong tradeoff between density and Vp/Vs, which prevents them from being constrained without damping regularization. Figure 4 shows the overall misfit c 2 when Vs, density, and Vp/Vs ratio in the uppermost crustal layer are perturbed in Model 3 at the example location in the Williston Basin. Relatively weak tradeoffs are observed between Vs and the other two parameters, where Vs is mostly ranging between 1.8-2.0 km/s if we consider c 2 < 4 as the acceptable criterion (Figures 4a  and 4b) . A strong tradeoff, on the other hand, is observed between density and the Vp/Vs ratio (Figure 4c ). Models with high Vp/Vs ratio require high density and vice versa to fit the data. Again, this tradeoff could potentially be diminished by considering empirical relationships between crustal properties [e.g., Brocher, 2005] , which indicate that both high density and high Vp/Vs ratio and low density and low Vp/Vs ratio can be ruled out for a sedimentary layer.
[18] In the back-arc region of Oregon and northernmost California we find Vs in the upper 3 km similar to that in basins with a sedimentary thickness of ≥3 km according to the compilation of Blackwell et al. [2006] , though the actual sedimentary thickness in most of this region is not well constrained. A seismic refraction experiment on the Modoc Plateau at the southern end of the slow Vs feature found Vp of 2.1-4.4 km/s extending to 4.5 km depth and attributed it to volcanically derived sediments [Fuis et al., 1987] . This is consistent with the results presented here, and hence we suggest that a similar uppermost crustal layer likely extends northward in the Oregon Cascades back-arc.
[19] Besides Rayleigh wave phase velocity and H/V ratio measurements, recently Lin et al. 2012 also demonstrated that a third Rayleigh wave quantity called local amplification can be measured across USArray. The local amplification, which describes how surface wave amplitude is affected by subsurface structures, is particularly sensitive to shallow Vp/ Vs ratios [Lin et al., 2012] . While Love wave measurements are also sensitive to shallow structure and can provide additional constraints, radial anisotropy must be accounted for when jointly inverting Rayleigh and Love wave measurements [Moschetti et al., 2010] . Jointly inverting Rayleigh wave phase velocity, H/V ratio, and local amplification measurements for Vs, density, and Vp/Vs ratio in the crust and upper mantle will be a natural extension of this study. 
